Abstract
The accuracy of elemental analyses in complex matrices is usually assessed by analysis of a suitable matrix reference material. The reference value is ascribed by consensus mean and by application of primary methods of analysis. However, the quality of this value will be affected by problems such as matrix-induced interferences, moisture corrections and heterogeneity.
Pilot study CCQM-P13 was undertaken to assess the capabilities of National Metrology Institutes to analyse Ca, Cu and Cd in an acidic solution that simulates the digest of a food sample. This study filled the gap between the analysis of a gravimetrically prepared calibration solution, and the analysis of an unknown in a complex matrix requiring extensive sample preparation. Having an independent reference value, with a small uncertainty, allowed a more rigorous estimation of the reliability of the institutes' analysis and uncertainty estimates, without including issues around sample digestion.
The reference values were: 1.6617 ± 0.0020 µmol/g for Ca, 7.037 ± 0.012 nmol/g for Cu, and 45.57 ± 0.10 pmol/g for Cd (expanded uncertainties are quoted with coverage factor of 2). The other elements in the matrix were: Na (~25 µg/g), K (~90 µg/g), Cl (~120 µg/g), Fe (~100 ng/g), Mg (~5 µg/g), P (~5 µg/g), Sn (~80 ng/g), and Zn (~200 ng/g).
Introduction
There is a continuing need to measure a number of important elements in food. The intention of this study was to establish the capability to measure nutritional, essential and toxic elements in a synthetic food digest. Specifically the elements Ca (nutritional), Cu (essential) and Cd (toxic) were targeted. It is expected that the laboratories that can demonstrate the capability to measure these analytes in such a matrix, will be able to apply such expertise to a range of other types of sample.
By reviewing a cross section of food types, it was possible to propose a generic food matrix made up of the major components left following destructive digestion. The aim was to spike such a synthetic matrix solution with gravimetrically known amounts of selected target analytes. Preparing the final solution in this manner enables target reference values for selected trace elements to be established. A generic food matrix, made of the major components left after destructive digestion, was spiked with 3 elements (Ca, Cu, Cd) reflecting 3 different levels in food: nutritional, essential and toxic elements.
Rationale of this comparison
Trace inorganic CCQM studies have been done either on solutions with prepared gravimetric concentrations or on more complex matrix samples without known concentrations. In the latter case, it has sometimes been a problem to agree on how to calculate the reference value and its uncertainty estimate. This study filled the gap between analysis of a gravimetrically prepared calibration solution, and the analysis of an unknown in a complex matrix requiring sample digestion. Having an independent reference value, with a small uncertainty, allowed a more rigorous estimation of the reliability of the institutes' analysis and uncertainty estimates, without including issues around sample digestion. This pilot study investigated the influence of a typical food matrix on high accuracy elemental analysis. The advantages of this approach are that it separates the complicated issues of homogeneity and sample digestion from the direct influence of the matrix on the end measurement. This enables a direct evaluation to be made of the influence of the matrix on high accuracy measurements, when compared to earlier CCQM trace metal studies, which have been conducted on simple acid solutions of the pure analyte (CCQM-K2 and K8).
Participation in CCQM-P13
Participants in CCQM-P13 are listed in Table 1 . 
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Sample
The CCQM-P13 sample was made up into a final solution containing 7 % nitric acid.
The nominal values for the elements to be analysed were 25 -100 µg g -1 for Ca, 50 -500 ng g -1 for Cu, and 1 -10 ng g -1 for Cd. Two duplicate samples were sent to the participants in 60 mL Nalgene HDPE bottles.
The solution was made in 7 % nitric acid, to reflect a typical composition following microwave digestion of a food sample. The major matrix components aim to reflect the equivalent of a 1g sample of food digested and made up into 100g of solution. The matrix components were Cl (100-120 µg g -1 ), K (80-100 µg g -1 ), Mg (5-10 µg g -1 ), Na (20-50 µg g -1 ), P (20-60 µg g -1 ), Fe (~ 0.1 µg g -1 ), Zn (~ 0.2 µg g -1 ), and Sn (~ 0.08 µg g -1 ).
To inhibit transpiration of the samples while in transit, the bottles were sealed in mylar foil and recommended to be kept in the mylar bags until they were used.
Instructions to the participants
The CCQM-P13 samples with the information documents were sent to all participants who had expressed their interest in participating on February 15, 2002.
The participants were free to choose one or more suitable methods of measurement for each element they analysed.
The following recommendations were made to the participants concerning reporting the results and their uncertainty:
• a detailed description of the applied method of measurement.
• information about sample preparation (e.g. dilution, including type, origin and quality of the used diluent) • a description of their equipment (e.g. type, technical specifications)
• information about the materials used for calibration (origin, purity, isotopic ratio if necessary) or any other material used during the analytical procedure • information on how the uncertainty of the reference material used has been evaluated • the complete calculation of the final result including all equations, and corrections e.g. of blanks and interferences. Because P13 is a study and not a key comparison, results of more than one method could be reported. Detailed information of all the different methods used was required. If the final result had been calculated as an average of more than one method, the individual results from the individual methods must also be reported.
• the identification and quantification of all uncertainty sources (list or table).
• the calculation of the uncertainty expressed as combined standard uncertainty, which must include the complete specification of the measurand.
• the calculation of the combined standard uncertainty u c (complete formula) and information on the number of effective degrees of freedom
Methods and instrumentation used
The methods and instruments used for the elements Ca, Cu and Cd are given in Table  2 , Table 3 , and Table 4 respectively. 
CCQM-P13 Participants' results
The participants' results are given in Table 5 , Table 6 , and Table 7 for Ca, Cu and Cd respectively. The mean values were calculated for each element from the results for the different participants. The standard deviations of all the results are also given as well as the relative standard deviations. 
Discussion
It is noticeable that the spread of results increases as the analyte concentration decreases, a trend that is often observed for analytical data.
In order to be able to compare the results, the reference values are given in Table 8 for the amount content and Table 9 for the mass fractions of Ca, Cu and Cd. In order to draw some comparison with other CCQM studies, Table 10 shows the average mass fraction calculated using only the IDMS results provided by the participants. For the Ca results the spread of IDMS results is only slightly larger (3.9%) than all the results (3.5 %). However, the deviation of the average of all IDMS results average to the gravimetric reference value (-2.1 %) is much larger compared to -0.42 % for all the results.
The IDMS results for Cu show a standard deviation of 8.7%, which is slightly larger than for all the results (7.3 %). And the deviation of the IDMS results and all results are about the same at 3.8 % and 3.2 % respectively.
The spread of results is much smaller for Cd (1 %) when only the IDMS results are taken into account (Figure 4 ). This also probably reflects the fact that Cd was the object of several previous intercomparisons where participants have used IDMS. The deviation of the mean of the IDMS results to the reference value (-0.26 %) is also smaller than the deviation between the mean of all results and the reference value (-0.75 %). For those using ICP-MS, Cd is usually analysed at low resolution. Ca and Cu require medium resolution to remove some interference. This could be more challenging. 
Introduction
The preparation of the solution was made in 4 steps:
• Primary stock solutions of the analytes (Ca, Cu and Cd) were prepared by dissolving the metal or salt, to give a final solution in 7% HNO 3 . This primary stock solution was diluted if necessary to produce the final stock solution.
• A solution A was prepared by mixing the 3 stock solutions of Ca, Cu and Cd in the required proportions.
• A "matrix" solution B was prepared by mixing the stock solutions of NaCl, KCl, Mg, P, Sn and Zn in the required proportions.
• Finally, the solutions A and B were mixed together to produce the final solution to be analysed.
It has been assumed that using the described procedures for dissolving and diluting the metals achieves quantitative dissolution of each metal. The uncertainty contributions of these steps are thus regarded as negligible.
The composition of the solutions is given as mass fraction w (metal mass m M divided by total solution mass m Soln ) and as amount content c (number of moles of metal n M divided by the total solution mass m Soln ).
Calculation of the gravimetric values
Equations used for different cases
For each primary solution prepared by dissolving a metal or salt, the mass fraction of the analyte was calculated according to Equation 1 As all dilutions were made in 7 % HNO 3 , and solutions A, B and the final one were all in 7 % HNO 3 , it was not necessary to consider the buoyancy correction factors as they would cancel out in the dilution equations.
The amount content c i equals the mass fraction w i divided by the molar mass of the element i M i . Therefore the uncertainty budget of the amount content includes the uncertainty of the molar mass of the element. Further calculations were made for the mass fraction only. 3.
Calculation of the uncertainty
All uncertainties were calculated using the "law of propagation of uncertainty".
1,2,3
When the result y of a measurand y is determined from N quantities x i with input estimates x i the combined standard uncertainty u c (y) of y is estimated by the equation 
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The partial derivative is often called sensitivity coefficient because it describes how the measurement result varies with changes in the values of the input estimates. It has to be noted that this equation is an approximation that is valid only if all the quantities are independent (not correlated).
All combined standard uncertainties were calculated according to Equation 5.
Uncertainty of mass determination u(m i )
The uncertainty of a weighing value is affected by several contributions, which can not all be taken into account. We considered the following contributions: repeatability, non-linearity, temperature coefficient and calibration weight effects. Further effects, with a smaller uncertainty than 10 -7 , were neglected e.g. sample shape and height, eccentric loading effects etc. where all the δ i quantities are expected to be zero, but they all have associated uncertainties.
Balances used: For the preparation of all stock solutions and solutions A and B as well as the masses of solutions A and B added to the final solution, the balance used was a Sartorius, model R200D. For the weighing of the final solution, the balance used was an Oertling model MD31.
All weighings were done by difference, which means that some factors can be neglected in the calculation, The uncertainty associated with the temperature coefficient as well as the uncertainty associated with the calibration weights are negligible. Their contribution, as variances, was at least two orders of magnitude lower than the two other parameters, i.e. repeatability and linearity.
The standard uncertainty associated with the repeatability of the weighing was determined in two ways:
• If the weighing was repeated several times, then the standard deviation of the mean obtained from the observations was taken • If only one weighing was made, then the values for the repeatability given on the balance certificate, divided by the square root of 3 (treated as a rectangular distribution) was used
The standard uncertainty associated with the non linearity factor of the weighing was calculated as the value for linearity given on the balance certificate, divided by the square root of 3 (treated as a rectangular distribution). The standard uncertainty of a weighing was calculated as: 
Calculation of the buoyancy correction factors
The buoyancy correction factor Bu is calculated according to Equation 8. As no record of pressure, temperature and humidity could be made with accurate instruments, it was decided to use values in the middle of the ranges encountered and to associate them with large uncertainties: pressure P = 1000 mbar u(P) = 50 mbar, relative humidity h r = 50 % u(h r ) = 20 %, and temperature t = 20.0 °C u(t) = 2.0 °C. 
Equation 9
With: A = 0.34848, B = -0.009024 and C = 0.0612
With these values, the density of air is equal to: Table 11 . 
Metals purity
For Cu and Cd, a piece of metal rod from Johnson Matthey was used. The total certified impurities were 9 ppm for Cu and 6 ppm for Cd. As a conservative approach, the associated uncertainty for the metals impurity of both metals was considered to be 10 ppm. As no analysis was performed to quantify the amount of included gases present in either of the pure metals (Cu or Cd), an additional standard uncertainty of 0.05 % was also added, to reflect on the possible presence of included gases that were not determined.
For the Ca solution, the salt CaCO 3 from Alfa Aesar Puratronic was used. The certificate stated a purity of 99.999% with Ca content certified as 40.0 %. It also stated a total of about 10 ppm impurities. As stoichiometry could be a problem with the possible presence of CaO, Ca(OH) 2 the calcium content was considered to be 40.00 ± 0.04 %. As a consequence, the relative uncertainty associated with the purity (including stoichiometry) was considered to be 0.1 % and treated as a rectangular distribution.
The uncertainty of the metal purity u(p) was also an estimation and it is based on a solely type B uncertainty. The purity of the materials used to prepare the primary stock solutions, with their estimated uncertainties, are given in Table 12 . 
Preparation of the final stock solutions of Ca, Cu and Cd
Mass fraction of Ca in the solution
The primary stock solution (which is the final stock solution as no dilution was necessary) of Ca was prepared directly from the dissolution of CaCO 3 (after it was dried in oven at110 C for 5 days, and cooled in a desiccator), and made up in 7 % HNO 3 . No dilution was necessary to achieve the desired mass fraction. The data for the preparation of the Ca stock solution is given in Table 13 . The mass fraction was calculated according to Equation 1. As CaCO 3 was weighed and not Ca, a correction had to be made and Equation 1 was multiplied by the molar mass of Ca (40.0780 g mol -1 ± 0.0023 g mol -1 , cf Table 28 ) and divided by the molar mass of CaCO 3 (100.0869 g mol -1 ± 0.0024 g mol -1 , calculated using individual atomic weights 7 ). 
Mass fraction of Cu in the solution
The final stock solution of Cu was prepared by diluting the primary stock solution obtained from the dissolution of Cu and made up in 7 % HNO 3 . Cu was abraded with SiC paper, then washed in 50%HCl rinsed and dried. The data for the preparation of the Cu primary stock solution was calculated according to Equation 1 from the data given in Table 14 . The Cu primary stock solution was diluted according to Equation 2, using the data given in Table 15 . To get the final Cu stock solution. Mass fraction of the final stock solution: w stock (Cu) = 216.82 µg g -1 with u c (w stock (Cu)) = 0.11 µg g -1 .
Mass fraction of Cd in the solution
The final stock solution of Cd was prepared diluting twice the primary stock solution obtained from the dissolution of Cd and made up in 7 % HNO 3 . Cd was abraded with SiC paper, then washed in 30 % HNO 3 , rinsed and dried. The data for the preparation of the Cd primary stock solution was calculated according to Equation 1 from the data given in Table 16 Two successive dilutions were made in order to reach the low mass fraction required according to Equation 2. The data in Table 17 represents the preparation of an intermediate stock solution. The data from Table 18 represents the preparation of the final stock solution of Cd. 
Preparation of solutions A and B
Preparation of solution A, containing Ca, Cu, and Cd
Solution A was prepared by adding an appropriate amount of the final stock solution of Ca, Cu and Cd followed by the further addition of 7 % HNO 3 .
The mass fraction of Ca in solution A was calculated according to Equation 2, using the data in Table 19 . The mass fraction of Cu in solution A was calculated according to Equation 3, using the data in Table 20 . The mass fraction of Cd in the solution A was calculated according to Equation 3, using the data in Table 21 . Mass fraction of the solution A: w A (Cd) = 202.02 ng g -1 with u c (w stock (Cd)) = 0.10 ng g -1 .
Preparation of the matrix solution B
The matrix solution was prepared by mixing together stock solutions of NaCl, KCl, Fe, Mg, P, Sn and Zn, and additional 7 % HNO3 to get the desired mass fractions. The mass fractions of the different stock solutions used for the matrix are given in Table 22 . The mass fractions of the different elements mixed to produce the matrix solution B are given in Table 23 . 
Blank analysis
The possible presence of Ca, Cd and Cu as contaminants in the matrix constituents was checked. An equivalent blank matrix solution was prepared by diluting the stock solutions of NaCl, KCl, P, Fe, Mg, Sn and Zn in 7 % HNO 3 . This solution was then analysed for Ca, Cu and Cd. This analysis was performed on an Agilent 7500. The level of counts for that solution was compared to the level of counts obtained for the 7 % HNO 3 solution, and 5 ng/g solutions of Ca, Cu and Cd were used to quantify the level of the elements found.
No Cd or Ca were detected in the blank matrix solution. Cu was detected at about 0.3 ng/g. It was not possible to get a very precise value for this blank measurement which was close to the detection limit. As a consequence, the gravimetric value for the copper solution was not altered for the amount of copper in the blank solution but it was added to the uncertainty of the gravimetric value.
Preparation of the final solution
Gravimetric mixing
Mass of solution A (Ca, Cu and Cd) added was: 88.74340 g with an associated uncertainty of 0.00021 g. The mass of matrix solution B added was: 78.01750 g with an associated uncertainty of 0.00021 g. The total mass of the solution prepared was 3500.13 g with an associated uncertainty of 0.14 g. The final mass fractions for the matrix elements are given in Table 25 and in Table 26 for the target analytes (i.e. Ca, Cu and Cd). 
Homogeneity of the samples
The bulk solution was divided into 50 bottles, For the homogeneity study, ten bottles were randomly selected and analysed in duplicate by ICP-OES for Ca and Cu, and by ICP-MS for Cd. Two aliquots per bottle were spiked with a relevant internal standard: Sc for Ca, Mn for Cu and Rh for Cd. The experimental conditions for the analyses are given in Table 27 . Number of repeats 7
The homogeneity was assessed by analysis of variance (one-way ANOVA) on the set of results of each analyte. For all 3 elements, the calculated F value was smaller than the critical F value, As a consequence, no significant difference was found between the 10 bottles analysed. According to Ellison et al 6 , "…for CRMs which are true solutions, i.e. u hom can reasonably be assumed to be insignificant compared with the final uncertainty value and can therefore be ignored". As the CCQM-P13 solution was prepared from solutions prepared with pure elements, P13 sample falls into the described category by Ellison et al. 6 As a consequence, no contribution was added to the gravimetric value uncertainty for any heterogeneity for the Ca and Cu values. For the Cd value, which is around 5 ng g -1 , other factors could cause heterogeneity, such as adsorption on the walls of the different bottles. As a consequence, for this value, a relative uncertainty of 0.1 % (corresponding to u (hom) = 0.0051 ng g -1 ) was added in the calculation of the final combined standard uncertainty, increasing it from 0.027 ng g -1 to 0.0058 ng g -1 .
Uncertainty of the molar mass of the elements
The data were taken from IUPAC Technical report "Atomic weights of the elements 1999" 7 . The atomic weight of the elements Ca, Cu and Cd are given in Table 28 . 
Reference values
The reference values for Ca, Cu and Cd are given in Table 8,  Table 9, and Table 31 respectively, with the amount content values derived from data in Table 28 . 
